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BOUNDARY -LAYER-TRANSTTION MEASUREMENTS
IN FULL-SCALE FLIGHD*

By Richerd D. Banner, John G. McTigue,
and Gilbert Petty, Jr.

SUMMARY

Chemical sublimation has been employed for boundary-leyer-flow
visuallzation on the wings of & supersonic fighter alrplane in level
flight at speeds near a Mech number of 2.0. The tests have shown that
laminer flow can be obtalned over extenslve areas of the wing with
practical wing-surface condltions.

In eddition to the flow visuaslization tests, 2 method of contin-
uously monitoring the conditions of the boundary layer has been applied
to flight testing, using heated temperature resistance gages lnstalled
in a Fiberglas "glove" installation on one wing. Tests were conducted
at speeds from & Mach number of 1.2 to & Mach number of 2.0, at alti-
tudes from 35,000 feet to 56,000 feet.

Date obtained at all angles of attack, from near 0° to near 10°,
have shown that the meximum transition Reynolds number on the upper sur-

face of the wing veries from about 2.5 X 106 at a Mach number of 1.2 to
about 4 x 10® at a Mach number of 2.0. On the lower surface, the maxi-

mum transition Reynolds number varies from about 2 x lO6 at & Mach num-
ber of 1.2 to about 8 x 106 at a Mach number of 2.0.

INTRODUCTION

Because of the greatly increased need for knowledge of full-scale
boundary~leyer transition and the 4lfficulty of simulating ectuwal flight
condlitlions, a program hag been initiated to provide a better understanding
of the boundery-layer flow as it exists in supersonic £flight. This paper
shows the results obtained in the early flight tests which determined the

extent of laminer flow that could be cobtalned wlth practical wing-surface
conditions.

*Pitle, Unclassified.
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SYMBOLS
R Reynolds nuwber per foot, Vm/v, per £T
Voo free-stream velocity, ft/sec
v kinemgtlc viscosity
Rx nondimensional Reynolds number based on X
X distance from leadlng edge ]
A sweep atigle
a angle of attack
hp altitude
M Mach number
T *  thickness, in.

INSTRUMENTATION AND TECHNIQUES

A fighter airplane was instrumented, as shown in figure 1, for
transition investigations on the wings. The basic wing has a modifled
biconvex alrfoll with a thickness ratio of 3.4 percent, a sharp leading
edge, and a slight amount of sweep (about 27°). A 1/10-inch~thick
Fiberglas glove was lnstalled on the right wing and was instrumented
with one row of transition detectors on both the top end bottom surfaces.
These detectors provided continuous monitoring of the laminar and tur-
bulent boundsry-leyer-flow conditions (ref. 1).

Chemical sublimstion was employed for boundary-layer-flow visualize-
tion on both wlngs, and cameres (fig. 1) were installed for recording the
chemical indicatlons. Many investigators have used the chemical sublima-
tion technique in both wind tunnels and in flight (refs. 2, 3, and others).
These tests have extended the use of this technique in flight to speeds
near a Mach number of 2.0. ’ ’ ’ '

The transitlon-detector signals (see flg. 2) were multipleked and

recorded on an oscillograph. The sequericing was scheduled to ¢onform to
the loc¢ations of the detectors on the wing. This arrangement allowed

CORTEDRTENT
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location of the laminar and turbulent flow areas, wlithin about 5 percent
of the chord, by lnspection of the records. The reasons for using filow
visualization are illustrated in figure 2. Turbulent wedges, originating
upstream of the detectors, cause local areas of turbulent flow. As can
be seen, the third detector indicates turbulent flow in an area that
would otherwise be laminar.

RESULTS AND DISCUSSION

From the 35-millimeter flight film of the chemical indications,
photographic enlargements have been mede and a typlcal in-flight photo-
graph of the lower surface of the Fiberglas covered wing is shown in
figure 3. The white chemical remaining in the vicinity of the leading
edge 1lndicates the extent of laminar flow being experienced on the wing.
The field of view of the camera lncludes the area of the wing from the
leading edge rearward to Just behind the alleron hinge in the outboard
ares. eand some of the 1lnboaxrd area of the wing. In all the tests no
laminar flow had been observed 1n the inboard erea, and for that reasson
this area is omitited in subsequent photographs of this presentation.
The area shown is outboard of the L7-percent-exposed-span station.

In some cases the alrplane returned from the flight with a chemical
indication remaining on the wing. It willl be of interest to look at one
such Indication before proceeding with the mein part of the discussion.
Figure 4 presents asn enlargement of the leading-edge region of the wing.
The sectlion seen is about 1 square foot. Note the striations that can
be seen in the chemical. Other investigators have also observed these
stristions in a laminar boundary layer, both in wind-tunnel tests (ref. k)
and in flight (ref. 5) at subsonic speeds. The striations have been
attributed to the presence of vortlces which are shed from the swept
lesding edges and contribute to the breakdown of the normelly laminsar
flow. Although it could not be determined when this phenomenon occurred
during the f£flight, 1t 1s believed to be worth mentioning since it appears
to be a problem that must be considered in determining the extent of
laminar flow that could be expected on swept wings.

Turning now to the flight photographs that were taken during the
tests, figure 5 shows the effect of the leadlng-edge-flap "planc type"
hinge on producing transitlion. As can be seen, the hinge tripped the
laminar boundary layer producing turbulent wedges which merge rearward
of the hinge to form completely turbulent flow over the remainder of the.
wing. The laminer area is approximately 15 percent of the test area.
This condition of the wing 1s referred to es unfinished. In lmproving
the wing-surface conditions the flap hinge was fllled to eliminate any
abrupt discontinuities. Also, all rivetheads and screwheads were ground
flush with the wing skin and filler material was applied to £ill any

~—CONT DLl .
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plts or small depréssions. The whole surface wes then sanded. This
condlition of the wing is referred to as the finished wing. Following
the tests with the finished wing, the wing was painted and polished.

The effect of these improvements can be seen by comparing figure 6
with figure 5. Although the Mach number for the test with the painted
wilng is slightly different; the variation in the-sltitudes resulted in
the same free-stream Reynolds number and the same angles of attack.

In comparing the unfinished and flnlshed wing lower surfaces, it
can be seen that conslderably more laminer flow was obtained on the
finished wing. This 1s primerily due to smoothing over the leading-
edge-flap hinge. Peailnting the wing surface reduced the average rough-
ness from sbout 25 to 13 microinches, but the effect-on transition was
not appreciasble on elther the top or bottom surface. The extent of
laminar flow on the palnted wing is about 25 percent of the test area
for the upper surface and ebout 35 percent of the test area for the--
lower surface. ’

Realizing that the standards that—had been set—for roughness were
rather arbitrary and that they might differ from those set—1in the wind.
tunnel, it was felt, nevertheless, that the maximm In practical improve-
ments to the wing surface had been reached. The K extent—of laminar flow
that was observed on the finished and painted wing 1s considered to be
representative of the maximum that might reasonably be expected for these
flight conditlons. This conclusion was arrived at because the extreme
care .that was taken 1n producing the Fiberglaes surface finish had resulted
in an average roughness of-—only T microlnches.

A comparison ofthe finished and painted wing and the Filberglas
covered wing 1s shown in figure 7. For clarity, the leading edges are
all shown to the left. Covering the wing with Fiberglas haed slightly
altered the wing profile, and the leading edge had been rounded to
l/lO-inch radius, instead of the sharp leading edge of the basic wing.
Also, waviness measurements at 1/2-inch increments indicated an average
deviation of about 0.003 inch on the Filberglas covered wing as compared
‘with 0.006 inch on the basic wing. Exactly what effect these changes
produced leocally could not be determined; however, as can be seen, no
large differences in the overall extent of leminar flow is evidenced.
In order todetermine the effect of Mach number and altltude on the—
extent of laminar flow, the—transltion-detector installation on the
Flbergles caoveréd wing was utilized. T C

Tests were conducted at—speéds from a Mach number of 1.2 to a Mach
number of 2.0 at=altitudes from 35,000 to 56,000 feet. - The free-stream

Reynolds number varied from 1.3 to 4.3 X lO6 per foot. The maximum
transition Reynolds numbers (based on free-stream conditions and the

4K§Eﬁiﬁﬁfiﬁﬁ
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distance to the polnt of transition) that were obtained on the Fiberglas
test areas are shown in figure 8.

Date obtalned at all angles of attack, from near O° to near lO°,
have been used to construct the curves. As can be seen, the maximum
transition Reynolds number on the top surface of the wing varied from

about 2.5 x 106 at a Mach number of 1.2 to about 4 x lO6 at a Mach num-
ber of 2.0. The trend on the lower surface is generally to more laminaxr
flow, with the maximmm transition Reynolds number varying from about

2 % 10 at & Mach number of 1.2 to about 8 x 10% at e Mach number of 2.0.

Although no attempt has yet been made to separate the effects of the
varlables that contribute to the results presented herein, the results
are encouraging in that laminar flow has been obtained over extensive

areas of a wing surface at supersonlc speeds with practical wing-surface
conditiouns.

Further flight testing should lnclude investigations to determine
what effects on the boundary layer are experienced when the leading edge
is altered, when the angle of attack is varied, when shock-wave—boundary-
layer interaction takes place, and when other factors enter the problem
as important vaerilegbles.

CONCLUSIONS

Chemical sublimation has been employed for boundery-layer-flow
visualization on the wings of a supersonic fighter airplene in level
flight at speeds near a Mach number of 2.0. The tests have shown that
laminsr flow cen be obtalned over extenslve areas of the wing with
practical wing-surface conditions.

In sddition to the flow visualization tests, a method of contin-
uwously monitoring the conditions of the boundary leyer has been applied
to flight testing, using heated temperature resistance gages installed
in a Fiberglas "glove" installation on one wing. Tests were conducted
at speeds from a Mach number of 1.2 to a Mach number of 2.0, at altitudes
from 35,000 feet to 56,000 feet.

Deta cobtained at all angles of attack, from near 0° to mear 10°,
have shown that the maximum transition Reynolds number on the upper sur-

face of the wing varies from about 2.5 X 106 at a Mach number of 1.2 to
about 4 x 10~ at a Mach nuwber of 2.0. On the lower surface, the maximum
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transition Reynolds number varies from about-2 x'los'at a Mach number
of 1.2 to about 8 x 10® at a Mach number of 2.0.

High~-3peed Flight Station,

Natiocnel Advisory Committee for Aeronautics,
Edwerds, Calif., March 20, 1958.
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AIRPLANE-TRANSITION TEST AREAS

DETECTORS

RADIUS=0.1"
(TOP & BOTTOM)
FIBERGLAS (T=0.1}
v

PRODUCTION WING

Figure 1

TRANSITION TEST METHODS
CHEMICAL SUBLIMATION

GALVANOMETER ol - 1— - —
DEFLECTION - _
LAMINAR ~}
o 1 2 3 4 s
X, FT
Figure 2
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IN-FLIGHT PHOTOGRAPHS

TYPICAL 35MM ENLARGEMENT ARTISTS CLARIFICATION
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Figure 3

INDICATION OF THE PRESENCE OF VORTICES
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LAMINAR FLOW ON UNFINISHED WING
M=20, hy x 56,000 FEET
a=24.5% R=[8xI0% PER FOOT
L.E. FLAP HINGE LINE

LOWER SURFACE LEFT WING

Figure 5

EFFECTS OF SURFACE CONDITIONS
R=1.8xI0° PER FOOT

FINISHED WING; M22.0 FINISHED & PAINTED WING;M=18
ROUGHNESS=25 . in, . ROUGHNESS=I3kin.

UPPER SURFACE UPFER SURFACE

LOWER SURFACE ’ LOWER SURFACE

Figure 6
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COMPARISON OF LEFT-& RIGHT-WING TRANSITION
M=L.8, R=1.8xI0°PER FOOT

LEFT WING RIGHT WING
FINISHED & PAINTED FIBERGLAS TEST AREA

ROUGHNESS =134 in. RCUGHNESS>7u in.

UPPER SURFACE

LOWER SURFACE LOWER SURFACE

Figure T

MAXIMUM TRANSITION REYNOLDS NUMBERS

FIBERGLAS TEST AREA- RIGHT WING
10°>a > 0°

TOP SURFACE

- W

8){[0"

(o]
8x10°
BOTTOM SURFACE
Ry 4
1.0 1.2 14 1.6 1.8 2.0
M
Figure 8
B
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